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Abstract

The reaction kinetics of different epoxy—aromatic diamine systems is a of great importance in the processing of the so called high-
technology composite materials. Since the epoxy—amine reaction is strongly exothermic, at moderate and high temperatures it proceeds in
significant gradient. Therefore, the processing requires substantial knowledge of the reaction kinetics under programmed temperature
conditions.

Differential scanning calorimetry (DSC) is the only direct reaction rate method which operates in two modes: constant temperature or
linear programmed mode. This permits two kinds of kinetic analysis to be performed. The second technique is simply known as non-
isothermal kinetics. Up to now, it is not sufficiently elucidated with regard to the epoxy—amine reaction although highly reproducible
experimental data are possible to acquire.

The first part of the present study concerns the non-isothermal reaction kinetics of an epoxy resin based on diglycidyl ether of bis-phenol A
(DGEBA) with m-phenylene diamine (mPDA). In order to obtain reliable data, we performed a mechanistic-like four stage kinetic analysis
consisting of: (i) multiple curve methods involving different heating rates (also known as isoconversional or apparent kinetic methods); (ii)
analysis at the peak maximum of the DSC curves; (iii) integral and differential single curve methods; and (iv) modeling of the reaction and
comparison of the model with the experiment.

The apparent activation energy, E,, = 52.3 kJ mol !, was calculated applying isoconversional methods. The analysis at the peak maxi-
mum temperatures of the DSC curves was carried out with the aid of E,,. It validated the overall three molecular velocity equation of
the reaction under programmed temperature regime rejecting other possible kinetic models — lower than three ‘overall reaction order’
autocatalytic and bimolecular non-catalytic ones. The velocity equation of the form: da/df = K, exp(—E/RT)(B + a)(1 — a)?, was eval-
uated using single DSC curve methods, i.e. the activation energy, E,, the pre-exponential factor, K, and the initial hydroxyl to epoxy ratio, B,
were determined at different scanning rates. Modeling of the reaction in programmed temperature mode showed that reliable set of kinetic
data, E, = 50.5 kJ molfl, was obtained at heating rates below 5 K min~'.

The isoconversional methods indicated that side reaction at high degrees of conversion probably took place, whereas the single DSC curve
kinetics exhibited non-typical false kinetic compensation effect above 5 K min . The modeling predicted incomplete curing at the end of the
scanning experiments which was supposed to be one of the reasons for the latest findings.

As aresult, this four stage kinetic analysis enabled us to ascertain the three molecular autocatalytic model of the reaction between DGEBA
and mPDA, as well as to measure its overall kinetic parameters under programmed temperature conditions. © 2001 Elsevier Science Ltd. All
rights reserved.
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1. Introduction addition. Assuming three molecular hydroxyl complex in
transition state, the third-order autocatalytic kinetics of

The study of Horie et al. [1] was the first important inves- this reaction, first proposed by Smith [2], was confirmed
tigation on the isothermal DSC kinetics of the epoxy—amine and methods for processing of experimental, mostly DSC
data, were developed. The approach of Horie et al. is

* Tel.: +359-2-9793905; fax: +359-2-703433. widely used for solving the inverse kinetic problem of
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dielectric, and T,-monitoring data are analyzed in a
similar manner.

Although based on a certain mechanism, the approach of
Horie et al. is not truly mechanistic, since a velocity equa-
tion having two (in some cases one) experimentally obtain-
able rate constants cannot exactly represent the kinetics of
such a complex reaction as epoxy—amine addition [3-9].
The results show that the epoxy—amine kinetics satisfacto-
rily obeys the model of Horie et al., when the speed of the
main reaction is high compared to the speed of any side
reaction. The activation energy, E,, of the autocatalytic
rate constant has been usually determined within the range
of 45-60kJ mol~' for almost all epoxy—amine systems
[10-21]. This important result has been obtained by many
authors despite of the type of the amine component, the
physical method (DSC under isothermal conditions,
HPLC, FTIR, T,-monitoring), and even of the form of the
autocatalytic model [22—-31]. Superposition of isothermal
curves—degree of conversion versus log(time)—has also
been used to fit the experimental data. The Arrhenius plot of
the shift-factor yields an overall E, within the mentioned
limits.

In order to describe the complicated kinetics of the
epoxy—amine reaction, attempts have been made to modify
the model of Horie et al. applying empirical or semi-empiri-
cal velocity equations [22—31]. Recent investigations show
that the deviations from the overall three molecular velocity
equation of the epoxy—amine reactions are probably due to:
(i) the different reactivity of the primary and secondary
amine hydrogen atoms [3-5] usually in the presence of a
side reaction [6,7] and (ii) the transfer of the rate determin-
ing step [8,9]. Some physical chemical processes or meth-
odological factors [26,31] might also lead to deviations
from the overall model of Horie et al.

The inverse kinetic problem of the epoxy—amine addition
under programmed temperature regime has also been tested,
but it has not yet been sufficiently cleared [13,32—41]. Using
multiple DSC curve methods, the apparent E, has been
found to agree well with E, of the isothermally determined
autocatalytic constant [32—35,40]. Having in mind the main
assumption of the isoconversional methods, namely,
uniform mechanism up to a given degree of conversion,
this result does not seem unexpected. On the contrary,
serious disagreement between the isothermal and non-
isothermal kinetics has been established when a single-
curve method and a formal n-th order model [13,18,36—
39] are applied. The apparent E,, determined within the
range of 80—110 kJ mol "', has been found to differ strongly
from the E, value obtained under isothermal conditions.
Although different explanations of this fact have been
discussed [13,36], inappropriate kinetic model function
under non-isothermal conditions, namely formal n-th order
or mechanistic-like second order model, is to be considered
as one of the most probable reasons for the mentioned
discrepancy.

The present study is focused on the non-isothermal DSC

kinetics of an epoxy—amine reaction. Its aim is mechanistic-
like solution of the inverse kinetic problem, i.e. validity test
of the Horie et al. model, under programmed temperature
conditions.

2. Background

The velocity equation of epoxy—amine reactions has been
worked out in an absolute concentration form [1], but in
almost all subsequent publications it has appeared in dimen-
sionless form. The kinetics of equimolar formulations is
represented with the following equation:
da ! 2 2
E=(K +Ka)(l —a) =KB+ a)(l — o 1)
where: « is degree of conversion of the epoxy groups; K and
K' are Arrhenius type rate constants which relate, respec-
tively, to the autocatalytic and impurity catalytic (and/or
non-catalytic) act of addition of an amine hydrogen atom
to the epoxy ring; B is a dimensionless parameter which has
different physical meaning depending on the reaction
mechanism.

Eq. (1) is usually referred to as the Horie et al. overall
velocity equation. It has been derived on the basis of the
approximation that the reactivity of the primary and secondary
amine hydrogen atoms is equal.

Other models, such as the well known from hetero-
geneous kinetics Prout—Tompkins type equation, have
been also applied to describe the epoxy—amine addition
kinetics. The last one has been proposed as a "general’ velo-
city differential equation of the reaction [22], viz.
da ! m n m n
E:(K + Kad")(1 —a)'=KB+ a") 1 — ) 2)
where: restricting condition, m+n=2 [22-24] or
m + n="2.5 [25], is usually introduced.

In terms of homogeneous kinetics, Eq. (2) is empirical
since it does not take into account the stoichiometric ratio of
the reaction components or the presence of side reactions.
From a macrokinetic point of view, Eq. (2) has mechanistic-
like (or more exactly semi-empirical) meaning in the
following cases:

e m=0and n=1 or n =2, expressing non-catalytic rate
determining step and resulting first [11,12] or second [13]
order kinetics;

e m=1 and n =2, representing formation of an epoxy—
amine—hydroxyl transition state complex [1];

e m=1and n=3/2 or n =1, describing lower order with
respect to the amine component [26,27];

e m=3/2 and n=2, exhibiting competitive initiation
mechanisms [8].

The cases m = 1 lead to another semi-empirical velocity
equation [25-30] that directly relates to the present study. If
the E, values of the rate constants K and K’ are equal, Bis a
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temperature independent parameter and this model can be
applied under programmed temperature regime, viz.

(il—(: = j—(; c(ll—]; = Koexp(—E,/RT)(B + a)(1 — )" 3)
where: d7/dt is the scanning rate.

Eq. (3) has analytical solution when: n = 1/2, 1, 3/2, and 2
(see Appendix A). Hence, different methods - iso-
conversional, differential and integral — might be applied
investigating the non-isothermal kinetics. Numerical solu-
tion of the integral function g(«) is also available [42].

The non-isothermal kinetics of the epoxy—amine reaction
based on autocatalytic model is, surprisingly, considered in
only one publication [41]. The isothermal kinetics of the
same system has shown that B is a temperature independent
parameter [16]. More often, K "and K have different E,, but
either the difference between E', and E, is negligible or K’ is
at least two orders of magnitude less than K in a wide
temperature range. Therefore, it is correct to assume that
B = const. This approximation might lead to some increase
of E, of the autocatalytic constant, but it is an essential
compromise when the non-isothermal kinetics of the
epoxy—amine reaction is being studied.

3. Experimental
3.1. Sample preparation

The epoxy resin used in this study was highly purified low
molecular homologue of DGEBA, under the trade name
DER-332 of Dow Chemical, supplied by Fluka. Its epoxy
equivalent, measured by different methods [43], was
174 kg kmol ~'. mPDA, 99% purity grade and also provided
by Fluka, was applied as aromatic diamine hardener. Stoi-
chiometric amounts of the two components were melted at
70°C (343 K) and undercooled at 55°C (328 K). The mono-
mers were mixed in a high speed stirrer for 10 min at this
temperature and 10 min during the cooling to room
temperature. After degassing under vacuum, small amounts
of the reactive mixture (approximately 12—-15 mg) were
poured into aluminum capsules. The samples were placed in
plastic bags and, inside in a desiccator, kept in a refrigerator
at —20°C (253 K). Before each experiment, the samples
were removed from the refrigerator and allowed to reach
thermal equilibrium with the environment into the bags for
at least 15-20 min [16].

3.2. Experimental technique

The experimental method used in this study was the
differential scanning calorimetry. A Perkin Elmer DSC-2C
instrument, interfaced to 3600 Data Station with appropriate
data acquisition and analytical software, was applied as
experimental technique. At the beginning of the investiga-
tion, the test points of the instrument were measured and, if
necessary, adjusted to their factory settings. Thus, excellent

signal to noise ratio was attained. The calibration was
regularly made using In and Zn standards at each scanning
rate being used. Special attention to the slope of the baseline
was paid controlling the Y-value at the final temperature, 7.
(At the end of each experiment the (dH/dr); value was kept
constant.) The first heating was performed at d7/d¢ = 10, 5,
and 2.5 K min ' in a temperature interval from 223 K to the
corresponding 7;. The second scans were recorded at
10 K min~" from 253 to 473 K after cooling the reacted
samples from 7} to 253 K at 80 K min~'. Using at least
three data files, the integral parameters, which characterize
the reaction of DGEBA with mPDA under programmed
temperature conditions, were determined.

The initial reaction temperature, 7;, was assumed as the
temperature 10 K less than the one, at which significant
deviation from the baseline, dH/dT = 0.00005 kJ kg ' K™/,
was observed. T was defined as the upper limit of the 10 K
temperature range, where the slope of the baseline was the
same as that at the beginning of the reaction, viz.: A(dH/
dT)/AT = A(dH/AT);/AT. The reproducibility of T; and T}
values was within =5 K.

The reaction enthalpy, AH,, the temperature at the maxi-
mum of the DSC curves, T,, the onset glass transition
temperature and the jump of the isobaric specific heat capa-
city of the monomer mixture, 7, and ACPO, were measured
from the first DSC scans. The corresponding glass transition
parameters of the reacted specimens, Ty and AC, were
measured from the second DSC curves after cooling the
samples from T to 253 K at 80 K min~' and subsequent
scanning at 10 K min "

The change of the specific heat capacity during the reaction,
AC,,, was determined in the following manner. It is experi-
mentally established that dC,/dT above Ty and dCy/dT
above Ty are approximately equal [43]. Therefore, AC, is
the difference between C,s and Cy, extrapolated at a reference
temperature, viz. ACy, = (Cpy — Cyo)1. On the other hand, AC,,
is defined as deflection from the baseline, AC, = [(dH/
dT); — (dH/AT )]y, since A(AH/AT)¢/AT = A(dH/AT)/AT is
an initial experimental condition. The current value of the
specific heat capacity, C,, is iteratively calculated based on
the assumption that C,, is proportional to «. Thus, AC,, is
used as a methodological correction of the baseline during
the reaction.

Applying the above described experimental procedures, the
reproducibility of the data was within the specified by Perkin
Elmer values, independent of the heating rates being used:
+8 kJ kg~ (for AH,); 0.3 K (for T,); =0.005 kJ kg ' K ™'
(for AC,); £0.5 K (for Ty); and £1 K (for Ty).

3.3. Analytical methods

The original experimental data were collected in a Perkin
Elmer 3600 Data station, coupled to the DSC instrument
through the standard or specific heat data acquisition soft-
ware. Then, the data files were transferred in a personal
computer (DX2-486, DOS 6.2). Further kinetic analysis
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was performed with the aid of a self developed software,
written in C++ programming language. It is structured in
two main modules—Curve fitting and Modeling—so either
the inverse or direct kinetic problem can be solved.

In the present version of the program, both the simulating
and fitting procedures are based on the following biconstant
kinetic model:

da _dadl o o(—EJRTYB + o)1 — )
dr  dT ar  oRPTEa “ «

X (Ry — a)? 4)

where: m, p, and g are power exponents, their sum being
restricted to 3; Ry is ratio of the components (in particular,
the initial amine to epoxy ratio).

In the curve fitting section, B is a temperature indepen-
dent parameter, i.e. an apparent E, is being determined. In
the modeling section, B is a relation of two rate constants K’
and K, which might have different E, values. Changing the
power exponents of Eq. (4), the macrokinetics of a large
number of chemical reactions, either formal or mechanistic-
like, can be described.

4. Results and discussions
4.1. Apparent reaction parameters

The non-isothermal curves, da/dT versus 7, of the
polyaddition reaction of DGEBA and mPDA obtained at
d7/dt =10, 5, and 2.5 K min~' are shown in Fig. 1. Each
curve averages three data files. The integral reaction para-
meters are summarized in Table 1.

The data in Table 1 are statistical results of at least three
values of the corresponding parameter. Although within the
error limits, AHy, Ty and AC, seem to be linear functions of
d7/dz. While the dependence of AH, on d7/dt is supposed to
have chemical nature, the dependencies of Ty and AC,, on
d7/dt are more probably methodological.

The molar enthalpy of the reaction of DGEBA with
mPDA at d7/dr=5Kmin~', AH’=110kImol”, is
close to that obtained by other authors [10]. The extra-
polated at zero heating rate AH° value is one of the highest
found in literature. Since T, values of the fully and partially
reacted compositions were measured at d7/ds = 10 K min ",
Ang —4.5K is the onset T, correction at d7/dt =0, i.e.

Table 1
Integral parameters of the reaction of DGEBA with mPDA

0.030
|
0.025 1 25 K.m|n1
—o—25.0 Kmin’
0.020 - —— 10 K.min"'
X 00151
5
S ooto
0.005
0.000 - i . S 4
350 400 450 500 550

Temperature, K

Fig. 1. da/dT versus temperature plot of the reaction of DGEBA with
mPDA at different d7/dz.

under isothermal conditions. On the other hand, the ACpt
value is used as a methodological correction of the baseline
during the reaction applying the above described iteration
mathematical procedure.

Our investigation concept concerning the non-isothermal
reaction kinetics of DGEBA with aromatic diamines
consists of four subsequent steps discussed in separate
subsections.

4.2. Kinetic analysis of the DSC data obtained at different
heating rates

The multiple curve variable plots, da/dt versus T and «
versus 7T, of the reaction of DGEBA with mPDA are
presented in Figs. 2 and 3, respectively.

The differential isoconversional method of Friedmann
[44] obeys the expression:

da da dT E,

The multiple curve method of Ozawa [45] is a rearrange-
ment of the Doyle’s temperature integral solution [46] into
the following equation:

K,E
log(dT/dr) = log( ; a

E
-1 —c—1== 6
) - togtg(@l ~ e~ 1gx ©
where: ¢ and [ are couple tabulated coefficients.
The main problem of the Ozawa method consists in the
accurate setting of the coefficients ¢ and I. The most frequently

d7T/dt Kmin™")  AHy (kTkg™) Tp(K) ACo(kIkg'K™) AC, (kg 'K™) T (K ACA®kg'KH T(K Tr(XK T, (K

10 536 2525 0.605 0.315 431 0.355 343 568 4329
5 547 2500 0610 0.315 433 0.355 328 553 4147
2.5 553 2490  0.615 0.315 436 0.350 313 538 398.6
o° 558 2480  0.620 0.315

* After second scanning at d7/d¢ =10 K min~ .

® Linear extrapolation at d7/ds = 0.

1



V.L. Zvetkov / Polymer 42 (2001) 6687-6697 6691

0.4

7% ——25K.min"
0.3 7% ——5.0 K.min"

——10 K.min"

do/dix10% s™

350 400 450 500 550
Temperature, K

Fig. 2. da/dt versus temperature plot of the reaction of DGEBA with mPDA
at different d77/dr.

used values are: ¢ = 2.313 and [ = 0.4567 if E,/RT = 28-50,
or ¢ =2.000 and [ = 0.4667 if E,/RT = 18-30 [47,48]. The
analysis of the reaction of DGEBA with aromatic diamines
shows that the relation E,/RT = 13-20 is significantly less
and the values of the coefficients ¢ and [/ differ from the
universal ones, viz. ¢ = 1.600 and [/ = 0.4880.

As is well known, a uniform mechanism up to a given
degree of conversion is the fundamental assumption of the
isoconversional methods. This means that the concentration
function fla) in Eq. (5), or its integral solution g(a) in
Eq. (6), do not depend on the scanning rate at a fixed
value of the variable «. The plot of In(da/dr) versus 1/T
and that of log(d7/dr) versus 1/T yield the apparent activa-
tion energy, even if the analytical expression of the velocity
equation is unknown.

Fig. 4 shows the plot of E, versus «. The mean E,, values
obtained using the methods of Friedmann and Ozawa and
their standard deviations are given in Table 2. The results
graphically represented in Fig. 4 and summarized in Table 2
might be explained as follows.

The data scattering of the Ozawa method is less than that
of the Friedmann method. This result is quite logical since
the input variables of the Friedmann method are three, while
the Ozawa method is a two-variable one.

1.0
0.8-

5 0.6

2

g

g 044

© ——2.5 Kmin"
0.2 ——5.0 K.min™

——10 K.min"

0.0

et T T T T T
350 400 450 500 550
Temperature, K

Fig. 3. Degree of conversion of the epoxy groups versus temperature plot at
different d7/dz.
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Fig. 4. Dependence of the activation energy on the degree of conversion
according to the Ozawa and Friedmann methods.

The change of the baseline during the reaction does
not affect either the character of the dependence of E,
on a or the mean E,, value. Having in mind this esti-
mate, baseline corrected experimental data are further
analyzed.

The mean E,, values of the two methods are close to each
other. Therefore, the values of the Doyle’s coefficients ¢ and
[, proposed by us, seem to be correct. The universal value of
[, viz. | =0.4567, leads to an increase of E,, by approxi-
mately 8%.

The dependencies of E, on «, according to the methods of
Friedmann and Ozawa, differ slightly only within the range
of & =0.05-0.15. Both methods show that a side reaction
probably takes place at high temperatures and degrees of
conversion since E, increases at the end of the reaction,
a =0.75-0.90.

The results in Table 2 correlate with those obtained by
other authors investigating DGEBA-aromatic diamine
reactions with the aid of isoconvertional techniques [32—
35,40]. The aim of these studies consists in predicting
isothermal curves from dynamic DSC experiments without
any assumption being made about the form of the velocity
equation or reaction mechanism [33].

Our further analysis is based on the activation energy of
the reaction and requires the expression of the velocity
equation. As the results in Table 2 show, the presence of a
side reaction does not significantly alter the mean E,, value
in contrast to E, measured using single DSC curve methods
above 5 K min~'. This fact will be discussed later in more
detail.

4.3. Kinetic analysis at peak maximum temperature

From a purely mathematical point of view, the second
derivative of a against T at the maximum of the DSC
curve becomes zero, viz.

dza . _ Ea Ea d[f(ap)] _
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Table 2
Apparent activation energy, obtained using isoconvertional methods

Method Original curves Baseline corrected curves

a=0.15-0.75 a =0.05-0.90 a=0.15-0.75 a =0.05-0.90

E,Kmol™) SD(kImol™) E,(kimol™) SD(kimol™") E,(kimol™) SD&mol") E, & mol ) SD K mol ")
Friedmann ~ 51.10 0.6 52.30 2.7 51.15 0.6 52.35 2.5
Ozawa 51.95 0.3 52.10 0.7 52.00 0.25 52.20 0.6

Assumption of the model, expressed by Eq. (3), leads to:

Ea n da n
RT2 (B + ap)(1 — ap)" + (d_T)p[(l — )" = n(B + a)

X(1—a)" '1=0

Rearranging the above equation against the parameter B,
one can obtain:

B= ! -« 8)

n E, / da p
l1—a, RT; (dT)p

T,, (da/dT),, and «, are important characteristics in the
non-isothermal kinetics. If the form of fla) and g(a) is
known, E, can be calculated. On the contrary, if E, is
previously determined, the validity of a given kinetic
model can be estimated.

The second approach is applied in this study. An attempt
is made to ascertain the autocatalytic model of the reaction
of DGEBA with mPDA assuming: (i) the values of T}, (da/
dT),, and a, experimentally measured; and (ii) E, =52.3
kJ mol ~' determined using isoconversional methods.

The analysis at 7, of the partially reacted DGEBA—-
mPDA samples is also a convenient way to test the kinetic
model. An expression of the parameter B can be easily
derived based on the energy balance, viz. B=B'
(1 — o) — a (see Appendix B).

The parameters at 7, and the calculated values of B
at d7/dt =10, 5, and 2.5 K min " of the unreacted samples
and those of the partially reacted samples measured at
d7/dr =10 K min~' are given in Table 3.

The data show that the kinetic model of Horie et al., or
n = 2, satisfactorily describes the relationship at 7}, although
the value of B is somehow less than the expected one

(B > 0.015 for the epoxy resin being used [15]). This esti-
mate is most probably due to the fact that the mathematical
condition d*a/dT* =0 at T, is under consideration from a
methodological point of view [49,50]. The test of the velo-
city equation when n <2 fails. As one can establish, the
values of B are extremely high if n = 3/2.

Unreliable reaction order is also found assuming a formal
n-th order model, i.e. n =0.828. Conversely, the use of a
second order non-catalytic velocity equation leads to a
rather high E, value, E, = 126 kJ mol . It exceeds more
than two times E,, obtained using isoconversional methods.
On the other hand, many authors measured E, within 80—
110 kJ mol ! [13,18,36—39] based on formal n-th order
model (in particular, » =2, or non-catalytic bimolecular
mechanism of the epoxy—amine reaction). Our analysis
shows that transfer of the rate determining step, and
resulting second order kinetics under programmed tempera-
ture regime [13], seems to be inconsistent with the afore-
mentioned results.

Therefore, the autocatalytic three molecular velocity
equation of the reaction between DGEBA and mPDA
seems to be operative under programmed temperature condi-
tions since other possible kinetic models—Ilower than three
‘overall reaction order’ autocatalytic and bimolecular non-
catalytic ones—have been rejected.

4.4. Kinetic analysis using single DSC curve methods

The following single curve kinetic methods under
programmed temperature conditions are applied in the
present study:

e method I — iterative integral curve approximation method,;
¢ method II — the best differential fit of the velocity equation;

Table 3
Peak maximum characteristics of DGEBA-mPDA compositions at different d7/dz and initial degree of conversion. Ey, = 52.3 kJ mol !
d7/dr (K min™") @ T, (K) (dee/dD), (K" a, E,/RT3(da/dT), B(n=2) B (n=3/2)
10 0 4329 0.02195 0.4590 1.529 0.002 0.345
5.0 0 414.7 0.02390 0.4565 1.530 0.009 0.357
2.5 0 398.6 0.02640 0.4530 1.500 0.011 0.352
10 0.06 4274 0.0182 0.467 1.893 0.004 0.521
10 0.09 4253 0.0168 0.474 2.070 0.006 0.643
10 0.12 424.8 0.0159 0.476 2.192 0.003 0.778
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e method III — integral method of the form of Coats and
Redfern [51].

Method I is based on a purely numerical trial and error
algorithm. If the form of the velocity equation is known,
some of the reaction parameters, e.g. Ry and n, have to be
entered. Then, the simulated integral curve is compared to
the experimental one ‘shooting’ the remaining parameters.
This procedure is repeated until the best fit between the simu-
lated and experimental curve is achieved. Finally, the program
outputs the unknown kinetic parameters, E,, Ky, and B. Four
parameter fitting procedure is somewhat speculative although
italsopredicts thatn = 2. The third order velocity equation has
analytical solution, see Eq. (11), and a test of the algorithm at
dT/dr = 2.5 K min " has shown excellent correlation between
method I and the well-known method of Doyle [46,47].

Method II approximates the experimental data to the
logarithmic form of Eq. (3), viz.

da E
1“(5) =InKy — % +InB+ @) Faln(l — @) (9)

where: E,, Ky, and B are measured using non-linear regres-
sion; and n = 2.

The differential methods, such as that of Borchardt and
Daniels [49], are simply applied to formal n-th order reac-
tions. As is shown later, it well describes other chemical
reactions which are controlled by a significant rate constant.

Method III is based on the following approximate solu-
tion [51]:

g [ KR ( ~ 2RT>]_£
ln[ 72 ]_m[ Earai\' " E RT (10)

The analytical expressions of g(«) for different values of
n are derived in Appendix A. If n = 2, then:
a 1 B+ a
In
1+Bl—a (1+B)? B(l-oa

g(@) = 1D

The kinetic parameters of the reaction of DGEBA with
mPDA determined with the aid of single curve DSC meth-
ods are presented in Table 4. The analysis of the results in
Table 4 shows the following trends:

e all kinetic parameters measured at 10 Kmin~' are
strongly affected by the kinetic method being applied;
e the values of E, and K, determined at lower heating rates

Table 4

are slightly influenced by the kinetic method, in contrast
to the parameter B; moreover, the E, value measured at
2.5K min "' is comparable to that obtained using iso-
conversional methods;

e both E, and K| are strongly increasing functions of d7/d¢
and the plot of E, versus In(K)) is approximately linear
independent of the kinetic method.

In the non-isothermal kinetics of heterogeneous reactions
[48] the linear relationship between E, and In(Ky) is known
as the kinetic compensation effect. If the dependencies, E,
versus d7/d¢ and E, versus «, change in the same direction
this effect is real, otherwise, it is usually a result of an
inappropriate kinetic model. Both the constancy of the
isoconversional dependence of E, versus « in a large
temperature interval and the analysis at 7, have rejected
the last possibility, i.e. the model of Horie et al. has been
proved to be valid.

Then, the false kinetic compensation effect of the reaction
of DGEBA with mPDA might be related to the form of the
autocatalytic function. Its mathematical analysis shows that
the parameter B affects the values of flar) and g(«) at the
beginning rather than at the end of the reaction. Hence, if the
slope of the plot of In[(da/df)/f{a)] versus 1/T (or the rela-
tion E,/R) increases at high degrees of conversion, its initial
part is easily adjusted to a straight line by an increase of the
parameter B. Therefore, an important suggestion can be
drawn from the results represented here: the non-isothermal
kinetics of the reaction of DGEBA with aromatic amines
is preferable to investigate at relatively low heating rates,
d7/dt < 5 K min~".

The kinetic data, presented in Table 4, seem to confirm
the above suggestion. The E, value obtained at d7/d¢ = 2.5
K min !, E,=50.5k] mol !, is comparable to E,, deter-
mined using isoconversional methods. On the other side, a
single DSC curve test performed at d7/ds = 1.25 K min ™"
also yields E,=50-51.5kImol™" depending of the
method.

4.5. Comparison of computer simulated data with
experimental data

The solution of the direct kinetic problem is the best way
to test the accuracy of the kinetic parameters. For this
purpose, numerical modeling of the reaction under

Apparent kinetic parameters of the reaction of DGEBA-mPDA compositions, obtained using single DSC curve methods at different d7/d¢

Method Kinetic parameters

dT/dt=2.5 K min~" dT/dt =5 K min ™" d7/dt =10 K min~"

E, (k] mol™") log Ky (s™1) B E, (k] mol™") log Ky (s B E, (k] mol ") log Ky (s™") B
Method I 50.5 4.47 .0300 56.9 5.26 0558 69.00 6.67 0.1032
Method II 51.64 4.66 0218 55.6 5.13 0438 65.31 6.23 0.0922
Method IIT 52.55 - 0284 54.6 - .0389 60.00 - 0.0526
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Table 5

Peak maximum parameters of the computer simulated curves of the reaction of DGEBA with mPDA under programmed temperature conditions at

different d77/dt

Kinetic parameters

d7/dr (K min™")

Peak maximum characteristics

E, (kI mol ™) Ko(s™") B T, (K) (de/dD), (K™" @,

69.0 4.72x10° 0.103 10 4329 0.02145 0.4760
5.0 419.2 0.02285 0.4765
2.5 406.2 0.02430 0.4765

50.5 2.98 % 10* 0.030 10 433.1 0.02125 0.4500
5.0 415.1 0.02315 0.4500
2.5 398.6 0.02525 0.4495

programmed temperature conditions is incorporated in our
self developed software. An optimized algorithm of the
well-known fourth/fifth order Runge—Kutta method is
applied. Special attention to 7 is kept. It is defined as the
temperature up to which the degree of conversion in 50 K
interval vanishes zero, «y < 0.00005. Thus, the accumula-
tive error is minimized and the data at T, of the simulated
curves are highly reproducible.

Numerical modeling of the reaction of DGEBA with
mPDA is performed at d7/dr= 10, 5, and 2.5 K min~".
The experimental values of T}, (da/dT),, and « are test
characteristics of the numerical analysis. The modeling
parameters have been obtained in the previous subsection
using method I at two heating rates — 10 and 2.5 K min ",
The results of the performed investigation are represented in
Table 5.

If the kinetic parameters are determined at d7/dr =
10 K min " the data in Table 5 show the following trends:

e T, and (da/dT), of the simulated curves satisfactorily
correspond to the experimental values at 10 K min '
only; serious disagreement between the modeling and
the experiment at lower heating rates exists;

e the a, values of the simulated curves, including at
10 K min ", significantly exceed the experimental ones;

If the modeling parameters are determined at d7/dr =
2.5K min~', the data in Table 5 imply better correlation
between the modeling and the experiment:

e the differences between the T, values of the simulated
and experimental curves are within the error limits at
each heating rate;

Table 6

e «a, of the simulated curves is nearly the same as the
experimental value;

¢ the differences between the simulated and experimental
ap and (da/dT), values are small enough to ascertain the
kinetic model; the first one is a slightly increasing func-
tion of d7/dr which is a logical finding having in mind the
DSC principle [49,50].

The kinetic data obtained using the best simultaneous dif-
ferential curve modeling, and assuming E, = 50.5 kJ molfl,
are shown in Table 6.

The excellent correlation between the modeling and the
experiment with respect to T}, and (da/dT’), implies that the
E, value determined at d7/dr=2.5 K min~' seems to be
correct. The higher «, values can be attributed to the
above mentioned methodological factors [49,50]. Clearly,
the disadvantages of the single DSC curve kinetics have
been compensated by the reaction modeling.

4.6. General remarks

As one can establish, neither isoconversional nor
single DSC curve kinetics provides sufficient and reli-
able data that are possible to obtain by using a four
stage non-isothermal approach. Each subsequent stage
increases the significance of the kinetic data based on
the results obtained in the preceding one. The results
concerning the kinetics of the DGEBA-mPDA reaction
can be summarized, as follows.

1. The apparent activation energy has been determined apply-
ing the most commonly used multiple DSC curve methods,
namely E,, = 52.3kJ mol ~'. The isoconversional kinetics

Comparison between the theory and experiment of the reaction of DGEBA with mPDA under programmed temperature conditions. E, = 50.5 kJ mol ',

K,=3.13x10*s™!, B=0.025

d7/dt (K min ") Experimental curves

Computer simulated curves

T,, (K) (de/dD), (K" a, T,, (K) (de/dT), (K™") a,
10 4329 0.02195 0.4590 4329 0.02205 0.4470
5.0 4147 0.02390 0.4565 414.9 0.02405 0.4470
2.5 398.6 0.02640 0.4530 398.5 0.02625 0.4470
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has also indicated that side reaction at high degrees of
conversion probably proceeds.

2. The analysis at the peak maximum temperatures of the DSC
curves has been carried out with the aid of E,,. It has been
shown that the three molecular velocity equation of the
reaction under programmed temperature conditions
seems to be valid. Other possible models, i.e. lower than
three ‘overall reaction order’ autocatalytic and bimolecular
non-catalytic ones, have been rejected.

3. The velocity equation has been evaluated using single DSC
curve methods, i.e. a set of kinetic parameters has been
determined at each scanning rate being used. Non-typical
false kinetic compensation effect has been observed above
5 K min~ . It has been found to disappear below this value.

4. The modeling of the reaction under programmed tempera-
ture regime has also shown that reliable kinetic parameters

are obtained at scanning rates less than 5 K min ",

The results derived in the last two subsections enable us to
evaluate the velocity equation of the DGEBA-mPDA reac-
tion under programmed temperature conditions within the
following limits:

da . da dT _ . B B
U =T 4 = 298107 exp( = 50.5 kI mol/RT)

% (0.030 + a)(1 — @)® s~ ! (12)
and:
da da dT . »
— = ——=313X —50.
G = ar 4 = >13% 107 exp(— 505 kI mol " /RT)

% (0.025 + a)(1 — a)* s~ (13)

Having in mind that Eqs. (12) and (13) describe well
the shift of the peak maximum temperature versus scan-
ning rate, the above value of the activation energy is
supposed to be reasonable.

Fig. 5 shows numerical test of the reaction kinetics of
DGEBA with mPDA in a wide temperature range. Similar
scheme as the one performed in the preceding subsection is
accepted: modeling of the reaction at 10 K min~' applying
the kinetic parameters measured at 2.5 K 71, and vice versa.
The kinetic data measured at higher heating rate give
unreliable results (Fig. 5a). The kinetic data obtained at
lower heating rate seem to provide good correlation between
the model and the experiment (Fig. 5b). Some deviations
exist at relatively high degrees of conversion. The most
probable reasons for this finding are:

e incomplete curing and/or topological restrictions at the
onset of the process of destruction of the polymer;

e side reactions occurring together with the epoxy—amine
addition;

However, in any case E, of the second reaction is higher
than that of the autocatalytic one. The lower scanning rates

1.0 et bl

0.84

0.6+

0.44

Conversion

0.21 —o— Experiment
Modelling

0. 0 T T T T T T T T T T
350 375 400 425 450 475 500 525 550
Temperature, K

(@)

1,0

0,8

0,6

0,4

Conversion

0,24 —v— Experiment
4 Modelling

0,0 haa T T T T T T T T
350 375 400 425 450 475 500 525 550

Temperature, K

(b)

Fig. 5. Comparison between the theory and experiment of the reaction of
DGEBA with mPDA under different conditions: (a) d7/df = 2.5 K min "',
E,=69.0kImol ™!, Ky=4.72%x10%s"", B=0.103; (b) d7/dr=10
Kmin™', E, = 50.5 kJ mol ™', K, =2.98 X 10* s !, B = 0.030 (see the text).

reduce the effect of the side reaction, but the possibility that
the epoxy—amine reaction might become diffusion
controlled should be also taken into account [40].

The decreasing dependencies of AH, on d7/ds and, espe-
cially, of T, on d7/dt (see Fig. 6) are also convincing
evidence that the deviations at high degree of conversion
have most probably kinetic nature. Modeling of low activa-
tion energy reactions, such as the epoxy—amine addition,
indicate that incomplete curing at experimentally measured
T; seems to be the case.

In order to test this possibility comparison between the
model prediction of a; at T; and Ty predicted oy values,
measured at different heating rates, has been performed.
The second a; data have been determined using the well-
known DiBenedetto formula [52]. The results show that
both the modeling and the 7, versus o dependence predict
approximately equal values at the same heating rate:
a;=0.999 (at d7/dr=2.5Kmin"'); a;=0.996 (at d7/
dr=5Kmin"); and a; = 0.991 (at d7/dt = 10 K min ).

Correcting the original data against the oy value and
repeating the single DSC curve kinetics and non-isothermal
modeling leads to a sharp decrease of the difference between
the lowest and highest E, values, namely: 8 kJmol .
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Fig. 6. Second scans of DGEBA—mPDA samples reacted at different d77/dz.

Better fit between the model and the experiment is
achieved, as well.

5. Conclusions

The four stage kinetic approach, applied by us, has shown
that the autocatalytic model of Horie et al. describes well the
non-isothermal kinetics of the DGEBA-mPDA reaction,
especially at low heating rates.

The velocity equation has been evaluated in programmed
temperature mode with the aid of a single rate constant
kinetic analysis. The value of its activation energy is
comparable to the apparent activation energy calculated
using isoconversional methods. This fact implies that the
autocatalytic three molecular mechanism of this reaction
predominates under programmed temperature regime up
to relatively high degrees of conversion. It cannot be consid-
ered that this problem is sufficiently cleared in the literature.

Several observations have indicated that a side reaction at
high degrees of conversion is probably taking place. These
are: (i) the decreasing dependencies of the glass transition
temperature of the reacted samples and the reaction enthalpy
on the scanning rate; (ii) the false kinetic compensation
effect at high heating rates; (iii) the increasing iso-
conversional dependence of the activation energy on the
degree of conversion at high temperatures; and (iv) the
modeling of the reaction under programmed temperature
conditions.

The effect of the side reaction is reduced at low heating
rates, but the possibility that the main reaction might
become diffusion controlled should be also taken into
account.

We have to point out that the derivation of an evaluated
autocatalytic velocity equation of the DGEBA-mPDA reac-
tion from dynamic DSC experiments is an approximation
since the parameter B is assumed to be a constant. It is more
often not a true. The epoxy—amine reactions are simply
represented by a set of ordinary differential equations.
However, if the three molecular autocatalytic model is
supposed to be valid, the modeling of the reaction allows

to perform a test of different reaction schemes in
programmed temperature mode comparing the simulated
non-isothermal data with the experiment.
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Appendix A. Analytical solution of the velocity
differential equations.

The analytical solution of Eq. (5§) whenm =1, and n = 1
or n="2 is known [42], but since it directly refers to the
present study its derivation is given below.

L. If n = 2, separating of the variables in Eq. (4) leads to:

(e} da t
Jao —(B ol =)y = Jo Kdt (A1)

The left hand side infinite integral has the following
solution:

J’ da 1 1 1 B+ «

= + n
aeB+ao(l—a? 1+Bl—-a (A+B? 11—«
(A2)

since:

1 1 1

B+a(l—-a? 1+B(—ay

1 ( 1 1 )
+ +
(1+B*\B+a 11—«
Integrating Eq. (A2) from aqg=0 to a gives:

1 16 1 B+«
n
1+B1—a« (1+B)? B(l—a)

= Kt (A3)

I. If n=3/2, the separating of the variables rearranges
Eq. (6) to:

j ‘ da - j "Kdi
w B+aol—a? o

In order to solve the above equation, it is necessary to put:
a=1-pB% da=-2BdB; and(b*=B + 1. Thus, the
equation below is obtained:

B B '
_ZJ o = PO J , K (A4)

The left hand side infinite integral has the following
solution:

_J dp 21 1. b-8

p G B b p )
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since:

2 21 N 1 ( 1 N 1 )
b-p)F B B\b-B btp
Integrating Eq. (AS5) from Bo=1 to B gives:

2 (1 1 b—Bb+1
=—=|l--1+ slIn— ——— =
g(B) b2<,8 ) b3nb+Bb_1
where: B=(1 —a)"* and b=(B + 1)"?
The integral solution of g(a) for n=1 is similar to
Eq. (A3), viz.

1 B+«

@= T g0

while that of g(8) for n = 1/2 is similar to Eq. (A6):

1. b—Bb+1

sB = ey

Kt (A6)

Kt (A7)

= Kt (A8)

where: the variable 8 and the parameter » have the same
meaning as those in Eq. (A6), ie.:. B=(1 — oz)”2 and
b=@B+ D"

Appendix B. Derivation of the velocity equation of the
partially reacted samples.

The change of the variable is based on the energy balance,
viz.

AH _ AH AH, — AH,

/
— T — = 1 _—
AH,  AH,  AH, (1 = a)

a— oy —
where: AH; and AH, are the initial and residual enthalpy of
partially reacted epoxy—amine system; AH and AH, are the
current and ultimate enthalpy of the reaction; « is the initial
degree of conversion.
Then, replacing the variable o’ = (@ — a)/(1 — ) into

Eq. (3), one can obtain:

da’ da’ dT

— = — — = Kpexp(—E,/RT)(B + a)(1 — )"

ar ar @ 0exp(—E,/RT)(B + a')(1 — a’)

where: K'o= Ky(1 — ag)" and B' = (B + a)/(1 — ay).
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